A model system is described for the enzymatic deprotection of suitably masked amino groups during stepwise peptide synthesis. Nitrophenyl esters of amino acids, N-protected with trypsin-labile benzyloxycarbonylarginyl groups, were prepared as crystalline, analytically pure picrate salts in a standardized procedure. These intermediates were shown to react with amino compounds to form the expected peptide linkages. A pair of diasteriomeric peptides prepared in this way and featuring benzyloxycarbonylarginyl-L-, and -D-glutaminyl sequences, respectively, were subjected to tryptic digestion. In both cases, a specific cleavage of the arginyl bond was achieved; however, the peptide containing the L-glutaminyl residue was deprotected much more rapidly than its diasteriomer containing the D-glutaminyl residue. The hydrolysis of the former isomer was not noticeably impeded by the presence of the latter. The results of these studies suggest that C-activated amino-acid derivatives, N-protected with trypsin-labile groups, are readily prepared in convenient form and that the peptide derivatives prepared from these intermediates are readily freed of their amino-protecting groups under mild, aqueous conditions with a potentially useful degree of stereospecificity. Theoretical implications of this first enzyme-catalyzed step in the repetitive cycle of peptide elaboration are discussed along with the procedural advantages implicit in the alternation of strongly and weakly basic groups in the protected and unprotected peptide intermediates, respectively.
containing the D-glutaminyl residue. The hydrolysis of the former isomer was not noticeably impeded by the presence of the latter. The results of these studies suggest that C-activated amino-acid derivatives, N-protected with trypsin-labile groups, are readily prepared in convenient form and that the peptide derivatives prepared from these intermediates are readily freed of their amino-protecting groups under mild, aqueous conditions with a potentially useful degree of stereospecificity. Theoretical implications of this first enzyme-catalyzed step in the repetitive cycle of peptide elaboration are discussed along with the procedural advantages implicit in the alternation of strongly and weakly basic groups in the protected and unprotected peptide intermediates, respectively.
Enzymes are well appreciated as subtle and efficient reagents in many areas of peptide and protein chemistry; these include synthetic applications peripheral to the basic cycle of stepwise peptide elongation (1) (2) (3) (4) . The unique properties of enzymes, as selective catalysts, have not generally been brought to bear on the repetitive reactions of controlled, stepwise peptide synthesis-despite the fact that the chemical precision, mild reaction conditions, and stereospecificities so characteristic of enzymatic reactions are at a premium in this repetitive process. A recent report from this laboratory outlined a generalized approach to the use of an enzyme-labile amine-protecting group (5) . The purpose of this communication is to detail the experimental methods, to present our initial results, and to discuss the theoretical implications of a model system developed within that framework. The model system, involving enzymatic removal of amino-protecting functions, is based upon three general principles: (1) the substrate specificity of the proteolytic enzyme, trypsin; (2) the selective acylation of amino groups in the presence of protonated guanido functions (6, 7) ; and (3) the "backing off" method for preparing activated esters of peptide derivatives (8) . Thus, Cbz-Arg-OH.HCI, through the action of dicyclohexylcarbodiimide (DCCI), was coupled with several nitrophenyl esters of amino acids to yield the respective nitrophenyl Cbz-Arg-aminoacylates (Cbz-Arg-X-ONp's) which were isolated as crystalline, analytically pure picrate salts (Fig. 1 ). These activated dipeptide derivatives reacted with amino compounds to yield the corresponding Cbz-Argaminoacylamine derivatives. For example, Cbz-Arg-iGln-ONp and Cbz-Arg-D-Gln-ONp picrates reacted with (HAsn-Cys-Pro-Leu-GlyNH2)2 to yield (Cbz-Arg-iGln-AsnCys-Pro-Leu-GlyNH2)2 ("All-ipeptide") and (Cbz-Arg-DGln-Asn-Cys-Pro-Leu-GlyNH2)2 ("2-D-peptide"), respectively. In the presence of trypsin, Cbz-arginine was released specifically from both the "All-L-peptide" and the "2-Dpeptide," but the former compound was hydrolyzed much more rapidly than its diasteriomer. These preliminary ob Abbreviations: X, amino-acid residue of unspecified side-chain; ture. After 4 hr, precipitated dicyclohexylurea was removed by filtration, the filtered reaction mixture was reduced to an oil at room temperature on the rotary evaporator, and the residual oil was washed with cold 0.1 M HCl. The crude product was taken up in 95% ethanol and treated with the theoretical amount of picric acid in ethanolic solution. Crystalline products, which separated directly from the alcoholic solution or which formed from precipitated oils, were analytically pure except for Cbz-Arg-Ile-ONp picrate which required one recrystallization from ethanol. Yields obtained and optical rotations observed for the various dipeptide nitrophenyl ester derivatives are given in Table 1 .
Acylations of Glycine-Merrifield Resin Esters. Boc-glycine, esterified with chloromethylpolystyrene-2% divinylbenzene resin (10) at a ratio of 0.27 mmol esterified Boc-glycine per g of resin ester was deprotected with 1 M HCl in glacial acetic acid (11), washed with a dimethylformamide solution M in Nmethylmorpholine and 0.5 M in acetic acid (12) and then washed with dimethylformamide. Each Cbz-Arg-X-ONp picrate (7 ,umol) was added to a 2-fold molar excess of the prepared glycine-resin ester in 0.2 ml of dimethylformamide. After 15 hr, the resin samples were washed first with dimethylformamide, then with 1 M HCl in acetic acid. The combined washings and the resin samples were separately taken to dryness under reduced pressure and hydrolyzed with 6 M HCO and with 1:1, 12 M HCl: dioxane (13), respectively. Amino-acid analyses of the hydrolysates allowed approximate calculations of the degree of acylation of the glycine-resin ester as compared to the theoretical degree of acylation (Table 2) . (Cbz-Arg-(D and L)-Gln-Asn-Cys-Pro-Leu-GlyNH2)2. (HAsn-Cys-Pro-Leu-GlyNH2)2, as the trifluoroacetate salt, (14) was dissolved at a concentration of 30 mg/ml in aqueous 20% N-methylmorpholine; then the solution was frozen and lyophilized. To the lyophilized powder was added a 20% molar excess of either Cbz-Arg-D-Gln-ONp picrate or Cbz-Arg-iGln-ONp picrate in a minimal volume of dimethylformamide.
After 48 hr, glycine-substituted Merrifield resin (free base, in four times molar excess when compared to the theoretical amount of residual dipeptide nitrophenyl ester) was added to the mixture. After an additional 15 hr, the reaction mixture was filtered, the filtrate was concentrated to an oil, and the crude product was obtained as a solid by trituration with ether. The resultant yellow powder was mixed with a 2.5-fold molar excess of dicyclohexylamine hydrochloride and stirred at 450 for 30 min in H20 (0.05 mmole of peptide picrate per ml of H20). The digest was filtered and the filter cake was twice reextracted with fresh aqueous dicyclohexylamine hydrochloride mixture. The filtered, combined aqueous extracts were adjusted to pH 4.0 with acetic acid and applied to a bed of Biorex 70 (23 X 2 cm) in the protonated form. The column was washed with 0.2 M acetic acid and water, then eluted with 30:4:66, pyridine: acetic acid: water (15, 16) . The products were recovered from the aqueous pyridine acetate solutions by rotary evaporation followed by lyophilization from frozen aqueous solutions. The purified "All--peptide" was obtained in 44% overall yield after precipitation from aqueous ethanol and the "2-D-peptide" was obtained in 48% overall yield after gel filtration on Sephadex G-10. Both products were characterized by amino acid analysis of acid hydrolysates (Table 2) .
Enzymatic Deprotections. Samples of Cbz-Arg-protected peptides were dissolved at a concentration of 15 mg/ml in 0.02 M CaCl2 (17) at room temperature. The pH's of the substrate solutions were adjusted to 8.0 with aqueous NaOH, and 0.1 ml of stock trypsin solution (1 mg of thrice-crystallized trypsin per ml of 0.02 M CaCl2 in 0.001 M HCl) was added for each milliliter of substrate solution. The stirred digest was maintained at pH 8.0 by automatic additions of 0.05 M NaOH from a pH Stat (Fig. 2) . In one experiment, a sample of "2- D-peptide" was incubated for an hour with trypsin as described; then an equal amount of "All-L-peptide" solution was added to the reaction mixture and the digestion continued (Fig. 3) . In those cases where the degree of deprotection was determined by amino-acid analysis, the cleaved and unreacted peptides were isolated together, but free of Cbz-arginine, by adjusting the pH of the reaction mixture to 3.0 with acetic acid followed by passage through a column of Sephadex G-10 (2.0 X 110 cm) in 0.2 M acetic acid. Samples of the lyophilized products were hydrolyzed and analyzed for amino-acid composition. Residual unreacted peptide was calculated from the arginine content of such hydrolysates (Table 3) .
RESULTS AND DISCUSSION
Several tentative conclusions emerge from these studies. In those cases examined to date, the Cbz-Arg-X-ONp picrate intermediates were easily prepared from known compounds; they were conveniently purified; and they were obtained as pure, crystalline compounds. The Cbz-Arg-X-ONp picrates readily acylated amino compounds to give Cbz-arginylpeptide intermediates. These protected intermediates were deprotected under tryptic catalysis with a high degree of chemical specificity and with a potentially useful degree of stereodiscrimination. The deprotection reaction was achieved in aqueous solution under very mild reaction conditions. The course of the reaction was readily monitored by titration of liberated carboxyl groups, and the final degree of deprotection was determined with good sensitivity and precision by aminoacid analysis of acid hydrolysates. The deprotection of the "All-L-peptide" was not notably impeded by the presence of the "2-D-" isomer.
In assessing the potential utility of the model enzymatic deprotection scheme, it may be useful to differentiate between those properties which are intrinsic to the method (e.g., substrate specificities of the trypsin family of enzymes, physical properties of the Cbz-Arg-X-ONp picrates, and chemical properties common to the protected peptide intermediates) and those properties which are the results of arbitrary technical manipulations and which, therefore, may be changed without basic revision of the principles of the model. Within the limited experience presented here, the intrinsic indicators of the model system can not be seriously faulted. The combination of chemical specificity, the mild conditions for removal of amine-protecting groups in aqueous solution, and the degree of stereoselectivity in the deprotection reaction can probably not be duplicated by any other scheme currently in the literature. The chymotryptic activity frequently attributed to bovine trypsin may present problems of chemical specificity in the synthesis of particularly chymotrypsin-sensitive sequences; however, studies with porcine trypsin (18) and with carefully prepared bovine enzyme (19) suggest that such difficulties can be minimized.
There are technical points in the experimental format which clearly require refinement. For example, the use of the acetamidomethyl group for protection of the side-chain function of cysteine promises to confer aqueous solubility (20) on single-chain synthetic intermediates, whereas the use of ionexchange resin in aqueous dimethylformamide mixtures (21) * (1), (Cbz-Arg-iGln-Asn-Cys-Pro-Leu-Gly-NH2)2; (2), (CbzArg-n-Gln-Asn-Cys-Pro-Leu-Gly-NH2)2; (3), tryptic cleavage product (5 hr) of (1); (4), tryptic cleavage product (10 hr) of (2).
t Tryptic digestions were carried out as described in the text; incubation time was 5 hr for the "AII--peptide" and 10 hr for the "2-n-peptide." Tryptic digests were passed through a column (110 X 2.0 cm) of Sephadex G-10 in 0.2 M HOAc to remove Cbz, Arg-OH from a mixture of unreacted material and N-deprotected product. Acid hydrolysates of the Cbz-Arg-OH free mixtures were analyzed for their amino-acid composition.
is considered to be an improved route to exchange of picrate for alternate counter-ions. Obviously, stereoselectivity in the tryptic removal of amine-protecting groups requires a great deal more evaluation of a variety of peptide sequences before the generality of the phenomenon can be assessed. It should be noted that the sequential introduction of protected amino-acid residues through the Cbz-Arg-X-ONp picrates generates a series of intermediates in which the guanido function of the protecting group alternates with the amino group of deprotected intermediates. The large difference in pKa between ammonium and guanidinium ions invites (22) the development of routine ion exchange methods for the systematic removal of incompletely coupled or incompletely deprotected fractions from primary products at each stage of the stepwise synthesis. Overall, the model system of enzymatic deprotection, with modifications as proposed, promises a powerful array of controls for monitoring and guiding the stepwise introduction of amino-acid residues into peptide linkage with high chemical and stereochemical precision.
